ABSTRACT: In this report, we present a new strategy for targeting chemotherapeutics to tumors, based on targeting extracellular DNA. A gemcitabine prodrug was synthesized, termed H-gemcitabine, which is composed of Hoechst conjugated to gemcitabine. H-gemcitabine has low toxicity because it is membrane-impermeable; however, it still has high tumor efficacy because of its ability to target gemcitabine to E-DNA in tumors. We demonstrate here that H-gemcitabine has a wider therapeutic window than free gemcitabine.
G
emcitabine is an anticancer drug with tremendous clinical potential, but has had limited efficacy due to its high toxicity and inactivation in serum, due to deamination of its N-4 amine. 1−3 Numerous gemcitabine prodrugs have been developed, which are capable of protecting against deamination; however, the clinical efficacy of these prodrugs has been limited because of their high toxicity. 4−6 In this report, we present for the first time a gemcitabine prodrug, termed H-gemcitabine, which has a wider therapeutic window than gemcitabine. H-gemcitabine (1) is composed of the DNA binding agent Hoechst conjugated to gemcitabine ( Figure 1 ). H-Gemcitabine is designed to reduce the systemic toxicity of gemcitabine by targeting it to the necrotic core of tumors, and also protect against deamination of its N-4 amine via protection with an amide bond. H-gemcitabine targets tumors via its Hoechst moiety, which binds extracellular DNA (E-DNA) present in the necrotic core of tumors. 7 We show
here that H-gemcitabine is significantly more effective than free gemcitabine at treating xenograft human colon tumors in nude mice, and also has a maximum tolerated dose equivalent to gemcitabine. We anticipate numerous applications of Hgemcitabine, given its unique combination of high efficacy and low toxicity. The synthesis of H-gemcitabine (1) is described in Scheme 1 and followed a convergent route in which the two fragments 4 and 7 were synthesized and coupled to obtain 1. Our initial synthetic strategies focused on modifying commercially available Hoechst directly at its phenolic hydroxyl. However, we were unable to alkylate Hoechst under a variety of experimental conditions and therefore had to base our synthetic scheme around the previously synthesized Hoechst derivative 2.
7 The compound 4 is a thiol functionalized Hoechst and was obtained in two steps from 2 in a 50% yield. The compound 7 is a gemcitabine derivative with a thiopyridyl group and was prepared in three steps from commercially available gemcitabine (5). In detail, TBTU mediated acylation of 5 with 3-(tritylthio)propionic acid 3 followed by deprotection of the trityl group generated the thiol 6 (48.5% yield, for both steps). Activation of the thiol 6 with 2,2′-dithiodipyridine provided 7 in 41% yield. Finally, H-gemcitabine (1) was obtained via a disulfide exchange reaction between 4 and 7 in 30% yield.
We measured the binding affinity of H-gemcitabine to DNA (a 21 bp oligonucleotide), to determine if attachment of gemcitabine lowers the binding affinity of Hoechst to DNA. Figure S1 (Supporting Information) demonstrates that H-gemcitabine has a DNA dissociation constant (K d ) of 11 nM, which is similar in magnitude to free Hoechst, 8−10 and indicates that the attachment of gemcitabine does not interfere with the ability of Hoechst to bind DNA. Importantly, H-gemcitabine's affinity for DNA is similar in magnitude to numerous other ligand receptor pairs used for targeting drugs to tumor, such as antibodies. 11, 12 H-Gemcitabine is designed to circulate through tissue, accumulate in tumors, and then release free gemcitabine. HGemcitabine has two cleavable linkages, a disulfide and an aromatic amide, and the hydrolysis rate of H-gemcitabine's aromatic amide is a key factor that will influence the efficacy in vivo. To obtain an understanding of the amide bond hydrolysis in H-gemcitabine, we performed a semiquantitative study of the degradation kinetics of H-gemcitabine, in phosphate buffer (pH 7.4) at 37°C, via high-performance liquid chromatography (HPLC). Figure 2 demonstrates that in phosphate buffer the aromatic amide of H-gemcitabine undergoes hydrolytic cleavage to release free gemcitabine and has a half-life of approximately 11.4 h, thus suggesting that H-gemcitabine will have sufficient time to circulate through the body and accumulate within the tumors.
A key requirement for H-gemcitabine is that it should be membrane impermeable, to prevent it from binding intracellular DNA. We evaluated the membrane permeability of Hgemcitabine in HT29 cells (a human colon cancer cell line) and in methanol permeabilized HT29 cells. Figure 3a demonstrates that H-gemcitabine has minimal permeability to live cells. For example, live cells incubated with H-gemcitabine generate low levels of intracellular fluorescence (left panel in Figure 3a ), indicating that H-gemcitabine has very low cell permeability, presumably because of the hydrophilicity of gemcitabine and the large size of H-gemcitabine. In contrast, methanol Scheme 1. Synthesis of H-Gemcitabine (1) Figure 2 . Time-dependent release kinetics of free gemcitabine (5). Gemcitabine is released from H-gemcitabine (1) with a half-life of 11.4 h (mean ± STD, n = 3). Figure  3a ). This confirms that the low level of fluorescence observed in live cells incubated with H-gemcitabine was due to its low membrane permeability and not due to a reduction in its DNAbinding ability.
H-Gemcitabine is a targeted anticancer prodrug and needs to have minimal toxicity in its intact form; however, after targeting tumors the released free gemcitabine or gemcitabine-SH (6) needs to have high anticancer efficacy. We therefore measured the toxicities of H-gemcitabine, free gemcitabine, and gemcitabine-SH on HT29 cells after a 4 h incubation, using the MTT assay. 13 Figure 3b demonstrates that H-gemcitabine has minimal toxicity to HT29 cells after 4 h of incubation at a concentration of 1 mM, whereas free gemcitabine and gemcitabine-SH caused over 50% toxicity under these conditions. Gemcitabine needs to be intracellular to kill cells, and H-gemcitabine's low toxicity is therefore probably due to its membrane impermeability. Finally, gemcitabine-SH had a similar level of cell toxicity as free gemcitabine, which is consistent with previous gemcitabine modifications at its amine terminus.
14 Finally, we investigated if H-gemcitabine had greater efficacy in vivo than free gemcitabine, and if it could target tumors. Colon tumor cells were implanted subcutaneously into nude mice, and the mice were treated with four doses once every three days, with either H-gemcitabine (25 mg/kg of gemcitabine equivalents, 95 μmol/kg) or free gemcitabine (100 mg/kg, 380 μmol/kg). These doses of H-gemcitabine and gemcitabine were chosen because they represent the maximum possible doses that could be given via an i.v. injection, due to solubility limitations in the case of H-gemcitabine or toxicity issues in the case of gemcitabine. The tumor size, lifespan, and the accumulation of H-gemcitabine in the tumors was then measured. Figure 4a demonstrates that H-gemcitabine at a dose of 25 mg/kg of gemcitabine equivalents is significantly more effective than free gemcitabine given at a 100 mg/kg. For example, the tumor doubling time for gemcitabine treated tumors was only 6 days, whereas for H-gemcitabine, it was 15 days. In addition, Hgemcitabine treated mice had a significantly higher survival rate than gemcitabine treated mice, having a survival rate of 80% after 30 days, as opposed to only 13% for free gemcitabine (Figure 4b ). In addition, we measured the accumulation of Hgemcitabine in the tumors via analysis of Hoechst fluorescence, and observed accumulation of 1.7 ± 0.1% of the injected dose, per gram tissue. Importantly, tumor studies done with free gemcitabine demonstrate that gemcitabine does not have significant accumulation within tumors after 24 h, 15, 16 suggesting that H-gemcitabine has the potential to target tumors in vivo and increase the efficacy of gemcitabine.
Finally, we investigated the toxicity of H-gemcitabine and gemcitabine, to determine if H-gemictabine's therapeutic window will be wider than free gemcitabine's. Figure 5 demonstrates that neither H-gemcitabine nor free gemcitabine had toxicity at the dose used in the tumor study presented in Figure 5 . To assess H-gemcitabine's toxicity, we performed a chronic toxicity study, in which H-gemcitabine and free gemcitabine were given via a daily i.p. injection. Figure S2 (Supporting Information) demonstrates that H-gemcitabine and gemcitabine have similar levels of toxicity, demonstrating that the therapeutic window of H-gemcitabine is wider than free gemcitabine.
In summary, we demonstrate here that efficacy of gemcitabine can be dramatically improved by conjugating it to the DNA binding agent Hoechst. We anticipate numerous applications of H-gemcitabine and the general strategy of Figure 4 . H-Gemcitabine has greater efficacy than gemcitabine in treating tumors in vivo. (a) Tumor bearing nude mice were injected with either H-gemcitabine (25 mg/kg of gemcitabine equiv, 95 μmol/ kg) or free gemcitabine (100 mg/kg, 380 μmol/kg) on days 0, 3, 6, and 9. Tumors treated with H-gemcitabine have minimal growth, whereas tumors treated with gemcitabine increase in size (mean ± STD, n = 5, *p ≤ 0.05 vs gemcitabine). (b) Tumor bearing mice have a higher survival rate at 30 days after treatment with H-gemcitabine (80%) than with free gemcitabine (13%). The survival curve was generated by determining the percentage of mice surviving with respect to the start of the study. Log-rank test was performed to determine statistical significance between the survival curves (*p < 0.05, n = 10 for H-gemcitabine, and n = 9 for gemcitabine). targeting E-DNA, given the widespread presence of E-DNA in tumors and its ability to be targeted with small molecules.
■ EXPERIMENTAL SECTION
General chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and were used as received, unless otherwise specified. Gemcitabine (2′-deoxy-2′,2′-difluoro-D-cytidine) was purchased from Carbosynth Ltd. (Berkshire, UK). Dimethyl formamide, ethanol, dichloromethane, and methanol were purified using standard methods. Flash chromatography was carried out using silica gel (230−400 mesh). NMR spectra were recorded on a Varian spectrometer (400 MHz for 1 H NMR and 100 MHz for 13 C) with chloroform (7.26) or methanol (3.30) as internal reference. High-resolution mass spectra (HRMS) were obtained on a Karatos MS9 and are reported as m/z (relative intensity). Accurate masses are reported for the molecular ion (M+) or a suitable fragment ion.
Synthesis of H-Gemcitabine (1). An oven-dried 25 mL flask with a magnetic stir bar was charged with Hoechst thiol 4 (0.08 g, 0.1 mmol) and gemcitabine dithiopyridine 7 (0.12 g, 0.2 mmol) under an argon atmosphere. To this mixture, anhydrous DMF (1.4 mL) was added followed by triethylamine (19 μL, 0.1 mmol) and stirred at rt overnight. The solvent was removed under reduced pressure, and the resulting residue was purified by silica gel flash chromatography using a gradient of 10−15% methanol in dichloromethane containing 0.1% triethylamine. Compound 1 was obtained as a pale yellow solid (0.04 g, 0.04 mmol) in 30% yield. Detailed synthetic procedures and spectroscopic data of all synthesized compounds, cell culture, in vivo tumor and toxicology experiments. This material is available free of charge via the Internet at http://pubs.acs.org.
